Background {#Sec1}
==========

Sphingosine-1-phosphate (S1P) plays important roles in many physiological or pathophysiological processes via its receptors on cell membrane or as an intracellular signaling molecule \[[@CR1]--[@CR4]\]. The S1P is produced by phosphorylation of sphingosine to S1P through sphingosine kinases (SphKs) \[[@CR1]--[@CR3]\]. S1P produced by SphK2 functions as an intracellular signaling molecule to generate receptor-independent effects \[[@CR3], [@CR4]\]. S1P produced by SphK1 acts as an extracellular signaling molecule binding to its receptors on cell membrane \[[@CR4]--[@CR8]\]. Currently, the information about SphK2-generated S1P is limited and that most of known functions of S1P are through its receptors. Five G-protein coupled receptors, S1PR1 to S1PR5 have been identified \[[@CR9]\]. S1PR1 to S1PR3 are present in about all tissues, whereas S1PR4 and S1PR5 are mainly present in brain and lymphoid, respectively \[[@CR10]\]. Evidence suggests that S1P is involved in different kidney diseases, such as acute kidney injury, glomerulonephritis, diabetic nephropathy, as well as renal fibrosis \[[@CR11]--[@CR14]\].

One of the significant effects by S1P is its role in fibrosis as evidence shows interaction between S1P signaling and TGF-β1 signaling to form a vicious cycle in fibrosis \[[@CR15]\]. Fibrotic genesis is the crucial pathological process in chronic kidney diseases. Thus, S1P signaling may be involved in the renal injury in chronic kidney diseases. Indeed, it has been shown that S1PR2 and S1PR3 mediate fibrogenetic effects by interacting with Smad complexes. In addition, SphK1 level can be increased by TGF-β1 activation of Smad complex to increase S1P production. The increased S1P production may amplify fibrogenetic effects \[[@CR1], [@CR15], [@CR16]\]. Although S1P signaling has been shown to participate in the pathogenesis of various kidney diseases, there is lack of evidence demonstrating the role of endogenous SphK1 in kidney damage in a hypertensive model in vivo. The present study examined the role of endogenous SphK1 in the kidney damage in deoxycorticosterone acetate (DOCA)-salt-treated mice, a hypertensive model with kidney damage, using SphK1 knockout (KO) mice.

Methods {#Sec2}
=======

Mice and DOCA-salt model {#Sec3}
------------------------

Breeding pairs of wild type (WT) and SphK1 KO mice generated on the C57BL/6 background were purchased from Jackson Laboratory. Mice were bred in our animal facility, housed in polycarbonate cages with corn cob bedding, maintained on a 12-h light/dark cycle, and fed a normal rodent chow diet with water freely available. Three month old male C57BL/6 wildtype and KO mice (25-30 g) were used. The DOCA-salt model was produced by unilateral nephrectomy and implantation of subcutaneous silicone strip (silastic, Dow Corning Co.) impregnated with 50 mg of DOCA \[[@CR17], [@CR18]\] when animals were anesthetized with 3% isoflurane and then fed with 1% NaCl drinking water for 7 weeks. The mean arterial pressure was monitored using a DSI telemetry blood pressure system from week 6--7. At the end of the 7th week, 24 h urines were collected for urinary albumin measurement using an ELISA kit, and kidney tissues harvested. Kidneys were cut longitudinally, half was put in 10% neutral buffered formalin for tissue sectioning, the other half in liquid N~2~ and saved in a − 80 °C freezer for molecular analysis later. Mice with sham surgery were used as controls. Mice were randomized into four groups: wild type control (WT-C), wild type DOCA-salt (WT-DOCA), SphK1 KO control (KO-C) and SphK1 KO DOCA-salt (KO-DOCA). After sample collection, mice were euthanized by exsanguinations when the animals were still under deep anesthesia with 3% isoflurane. All animal procedures were approved by the Virginia Commonwealth University's Institutional Animal Care and Use Committee.

Extraction of RNA and semi-quantitative analysis of mRNA levels by real time RT-PCR in kidney tissues {#Sec4}
-----------------------------------------------------------------------------------------------------

The extraction of total RNA was performed using TRIzol reagent purchased from Life Technology (Rockville, MD, USA). The RNA was reverse-transcribed into cDNA by a cDNA synthesis kit from Bio-Rad (Hercules, CA, USA). A TaqMan Gene Expression Assay kit (Applied Biosystems) was used for real time RT-PCR analysis using the above cDNA products. The level of 18S rRNA was measure at the same assay for endogenous control. The ΔΔCt method was used to calculate mRNA levels of SphK1. The relative mRNA levels were expressed as the values of 2^--ΔΔCt^.

Isolation of proteins for the Western blot analysis in kidney tissues {#Sec5}
---------------------------------------------------------------------

The renal tissues were homogenized and centrifuged, and the resulting protein then used for Western blot analysis as described previously \[[@CR19], [@CR20]\]. Briefly, kidney samples were homogenized in ice-cold RIPA lysis buffer by using glass homogenators. The homogenates were centrifuged for 5 min at 5000 g using a refrigerated centrifuge at 4 °C. After centrifugation, the supernatant was collected and measured for protein concentration using Bio-Rad Protein Assay. The equal amount of proteins was then used for Western blot analysis. The primary antibodies used were rabbit against mouse α-smooth muscle actin (α-SMA) in 1:2000 dilution (Abcam) and GAPDH in 1:3000 dilation (Cell Signaling Technology).

Immunostaining {#Sec6}
--------------

The kidney samples saved in 10% neutral buffered formalin were processed into 5-μm sections after paraffin-embedment. The tissue sections were immunostained as we described previously \[[@CR21], [@CR22]\]. The primary antibodies were goat against mouse CD43 and rabbit against mouse CD68 (Santa Cruz Biotechnology), respectively, diluted in 1:100. The Picro Sirius Red was used for Collagen I/III staining. A computer program Image-Pro Plus was used to calculate the positive area by Picro Sirius Red staining and the number of positive cells by CD43 or CD68 staining \[[@CR23]\].

Evaluation of histological damages {#Sec7}
----------------------------------

The kidney sections were stained with Periodic-Acid Schiff (PAS) (Sigma-Aldrich staining kit) and evaluated for morphological damages. Glomerular damages were defined as collapse of capillary with increased deposition of extracellular matrix. The damages were semiquantitatively scored by two blinded examiners as described before \[[@CR24], [@CR25]\]. The damage scores were determined on a scale of 0--4 based on the sclerotic extent. The minimum of 20 cortical fields was examined at × 400 magnification. The scale of 0 to 4 was defined as follows: 0 = no injury; 1 = 1--25% injured area; 2 = 26--50% injured area; 3 = 51--75% injured area; 4 \> 75% injured area \[[@CR24], [@CR25]\].

Statistical analyses {#Sec8}
--------------------

The data were presented using mean ± standard error of the mean (SEM). The effects of gene deletion and DOCA-salt treatment were examined as independent factors by the two-way analysis of variance (ANOVA) to compare the differences among groups followed by Tukey's test. The statistical significance was defined as a *P* value \< 0.05.

Results {#Sec9}
=======

Enhanced expression of SphK1 mRNA in kidneys in DOCA-salt model {#Sec10}
---------------------------------------------------------------

The relative mRNA levels of renal SphK1 was significantly elevated by 10 fold in WT-DOCA compared with WT-C mice, whereas the mRNA levels of SphK1 mRNA was nearly undetectable in either KO-C or KO-DOCA kidneys (Fig. [1](#Fig1){ref-type="fig"}). These data demonstrated that the DOCA-salt treatment induced the expression of SphK1 in the kidneys, which was prevented in SphK1 KO mice. It is suggested that there is activation in renal SphK1 pathways in response to DOCA-salt insult. Fig. 1Effect of DOCA-salt and SphK1 KO on mRNA levels of SphK1 in the kidneys: Relative mRNA levels of SphK1 in different groups measured by Real time RT-PCR analysis. The results were presented as fold change normalized with the WT-C. \* *P* \< 0.05 vs. all other groups (*n* = 5)

Attenuated albuminuria in SphK1 KO mice without effect on the hypertension in the DOCA-salt model {#Sec11}
-------------------------------------------------------------------------------------------------

The 24 h urinary albumin excretion, an indicator of glomerular injury, was significantly increased in WT-DOCA mice compared with WT-C mice, whereas the increased urinary albumin was inhibited in KO-DOCA mice (Fig. [2](#Fig2){ref-type="fig"}). The changes in urinary albumin/creatinine ratio, a similar indicator of renal injury as the 24 h urinary albumin with correction of potential error in 24 h urine collection, showed very similar pattern among different groups (data not shown). These results demonstrated that SphK1 gene deletion attenuated DOCA-salt-induced kidney damage. This protection by SphK1 gene KO appeared independent of hypertension, because the there was no difference in blood pressure between WT-DOCA and KO-DOCA mice (Fig. [2](#Fig2){ref-type="fig"}). Fig. 2Effect of DOCA-salt and SphK1 KO on urinary albumin and blood pressure. **Upper:** Urinary albumin levels. **Lower:** Mean arterial pressure (MAP). \**p* \< 0.05 vs. Controls; \# p \<0.05 vs. WT-DOCA (n = 5)

Attenuated glomerular morphological damage in SphK1 KO mice in the DOCA-salt model {#Sec12}
----------------------------------------------------------------------------------

The PAS staining in renal tissue slides showed expanded mesangial matrix with hypercellularity, capillary collapse, and fibrous deposition in the glomeruli in DOCA-salt-treated mice compared with control mice. However, these changes in glomerular morphology, as shown by the injurious scores, were notably lower in KO-DOCA than WT-DOCA mice (Fig. [3](#Fig3){ref-type="fig"}). These results indicated that the renal pathological injuries by DOCA-salt were attenuated by SphK1 deletion. Fig. 3Effect of DOCA-salt and SphK1 KO on glomerular morphology. **Upper:** Representative photomicrographs of PAS staining in renal tissue slides. **Lower:** Summarized glomerular damage index by semiquantitation. \* *p* \< 0.05 vs. all other groups; \# *p* \< 0.05 vs. controls (*n* = 5)

Attenuated expression of fibrotic markers α-SMA and collagen in the kidneys in SphK1 KO mice in DOCA-salt model {#Sec13}
---------------------------------------------------------------------------------------------------------------

The levels of renal α-SMA determined by Western blot analysis were significantly increased in WT-DOCA group. However, the levels of renal α-SMA were significantly lower in KO-DOCA than in WT-DOCA group (Fig. [4](#Fig4){ref-type="fig"}). The Sirius Red-positive staining area of collagen, a different fibrotic marker, was also significantly higher in kidney tissue sections in WT-DOCA groups than in control groups, but was much lower in KO-DOCA than in WT-DOCA group (Fig. [5](#Fig5){ref-type="fig"}). It is suggested that the KO of SphK1 gene inhibits fibrotic injury in the kidneys of DOCA-salt model. Fig. 4Effects of DOCA-salt and SphK1 KO on the expression of fibrotic marker α-SMA in kidney tissue by Western blot analysis. **Upper:** Representative gel documents showing α-SMA levels; **Lower:** summarized blot intensities. \* p \< 0.05 vs. Control; \# p \< 0.05 vs. WT-DOCA (n = 5)Fig. 5Effect of DOCA-salt and SphK1 KO on collagen staining in the kidneys. **Upper:** representative photomicrographs of Sirius Red Staining of collagen in renal tissue slides. **Lower:** quantification of the percentage of positive staining area. \* *p \< 0.05* vs. Control; \# *p \< 0.05* vs. WT-DOCA (*n* = 5)

No significant difference in immune cell infiltration in kidneys between WT-DOCA and KO-DOCA {#Sec14}
--------------------------------------------------------------------------------------------

As S1P signaling participates in immune regulation, we determined if the attenuation of kidney damages in SphK1 KO mice was produced by the changes of immune regulation due to SphK1 gene deletion and measured the renal infiltration of immune cells using immunostaining of a T-cell marker CD43 or a macrophage marker CD68. The results showed significant increases in CD43+ or CD68+ cells in both DOCA-salt groups compared with controls (Fig. [6](#Fig6){ref-type="fig"}). However, no significant difference was observed in the numbers of CD43+ or CD68 + cells between WT-DOCA and KO-DOCA groups (Fig. [6](#Fig6){ref-type="fig"}), indicating that the infiltration of immune cells was similar between WT and KO mice in DOCA-salt-treated kidneys. Fig. 6Effect of DOCA-salt and SphK1 KO on the infiltration of immune cells in the kidneys. **Upper:** Representative photomicrographs of immunohistochemistry of kidney sections stained for either CD43+ or CD68+ indicated by brown color. **Lower:** The counts of CD43+ or CD68+ cells. \* *p*\<0.05 vs. controls (*n* = 5)

Discussion {#Sec15}
==========

The present study showed that renal SphK1 mRNA levels were significantly upregulated in the DOCA-salt model, that DOCA-salt-induced increases in urinary albumin, renal morphological injury scores as well as fibrotic markers, a-SMA and collagen, were significantly blocked in SphK1 KO mice, and that there was no difference in the elevation of blood pressure and increases in renal CD43+ and CD68+ cells between WT-DOCA and KO-DOCA mice. These results suggest that the SphK1 gene knockout protects kidneys against renal injuries independent of the regulatory action on immune function and hypertension in the DOCA-salt model.

We first observed a dramatic increase in the SphK1 mRNA expression in WT-DOCA kidneys compared with WT-C kidneys, which suggested the activation in S1P pathway after DOCA-salt insult. The increase of SphK1 expression in this kidney damage model was consistent with a previous finding that overexpression of SphK1 in transgenic mice produced heart fibrosis \[[@CR26]\]. The increased SphK1 expression in the present study indicated that upregulated expression of SphK1 might participate in the kidney damage in DOCA-salt model. We thus examined if knockout of SphK1 gene to block the SphK1 increase would protect kidneys in this model.

It is worth noting that there may be a concern that a lifetime deletion of SphK1 would induce the compensation of SphK2, thereby maintaining a normal S1P level. The evidence from literature has shown that although the total S1P levels in most tissues from the SphK1 KO mice are not markedly decreased, however, in mice with a deletion of SphK1, but not SphK2, levels of S1P in interstitial fluid are greatly attenuated \[[@CR27], [@CR28]\]. These studies suggest that SphK2 does not compensate the reduced extracellular S1P level by SphK1 KO, probably because these two enzymes function distinctly, one for extracellular S1P production and the other for intracellular \[[@CR3], [@CR4]\]. The S1P produced by SphK1 acts as an extracellular signaling molecule binding to its receptors on cell membrane \[[@CR4]--[@CR8]\]. Therefore, using SphK1 KO mice would be a suitable tool to investigate the role SphK1/S1P in various diseases.

The present study showed that the albuminuria, kidney morphological changes, and increases in fibrotic markers induced by DOCA-salt were considerably attenuated in SphK1 KO mice, suggesting that overproduced S1P may be the injurious factor to produce kidney damage in this model. These results are consistent with the other reports showing that S1P participates in damages in different organ systems \[[@CR29]\]. In line with results from the present study, exogenous S1P has been shown to induce damage in renal cell in vitro \[[@CR30]\]. The latter study also showed that nonselective antagonist of S1P receptor or inhibitor of sphingosine kinases attenuated the renal injury and cell migration in a different kidney damage model in vivo \[[@CR30]\]. The present study determined the role of endogenous SphK1 using a genetic knockout model in hypertensive kidney damage. Our findings suggested that SphK1/S1P/S1PRs mediates kidney damage in DOCA-salt hypertensive model.

It has been demonstrated that hypertension-induced kidney damage is largely dependent on renal perfusion pressure (RPP) in different hypertensive models \[[@CR31]--[@CR33]\] including DACA-salt model \[[@CR34]\]. The findings from our current study demonstrated that SphK1 deletion protected the kidney without altering DOCA-salt hypertension, suggesting that SphK1/S1P pathway may also participate in RPP-induced kidney damage. In this regard, S1P pathway has been shown to participate in the mechanosensation. There are reports showing that S1P pathway is activated by shear stress and stretch in different cell types including endothelial and enthesis cells \[[@CR35]--[@CR37]\]. Although there is no evidence yet in kidney cells, these above studies, in combination with our current findings, support that activation of SphK1/S1P pathway may be a novel mechanism in pressure stress-induced kidney damage by elevated RPP, which needs future investigations. In addition, it also remains to be clarified that in what extent SphK1/S1P pathway contributes to the RPP-induced damage and DOCA-salt-induced direct damage, as well as whether this novel pathway targets both glomerular and tubulointerstitial cells at the same time or sequentially from glomeruli to tubules in this DOCA-salt model, as the filtered albumin/protein has been shown to contribute to the tubulointerstitial damage secondary to the glomerular damage \[[@CR38]\].

Notably, the indexes for kidney damages were still significantly higher in KO-DOCA mice than in normal controls, indicating that there might be a compensated S1P production by SphK2 in SphK1 KO mice. Additionally, it is also possible that other signaling pathways independent of S1P contribute to the kidney damage in this model. In this regard, our previous studies showed that over-activation of hypoxia-inducible factor-1α pathway mediated chronic kidney damages in different models \[[@CR24], [@CR39]--[@CR41]\]. Possible interactions may exist between S1P signaling and other pathways in renal injury, which requires further clarification.

The immune response is also involved in the pathogenesis of chronic kidney damage \[[@CR42]\]. The infiltrations of T cells and macrophages, which represent the adaptive and innate immune responses, respectively, are observed after four-hour-obstruction in the unilateral ureter obstruction (UUO) model and the infiltration of inflammatory cells continue progressively for 2 weeks \[[@CR43]\]. S1P has been shown to regulate multiple inflammatory processes such as immune cell recruitment into injured tissue. In addition, S1P gradients regulate the trafficking of immune cells via S1PRs, including both innate and adaptive immune cells \[[@CR44]\]. Given the important regulatory role of S1P in immune response and inflammation, we determined whether SphK1 gene deletion attenuated the inflammatory process thereby the kidney damage in DOCA-salt kidneys. The results from immunostaining did not show a significant difference in the increases of inflammatory cell infiltrations between WT-DOCA and KO-DOCA kidneys, suggesting that the SphK1/S1P pathway probably acts directly on renal cells to produce damage, rather than on immune cells to produce kidney damage indirectly. In line with our results, a study using athymic mice with T cell deficiency showed that inhibiting S1P signaling still significantly attenuated the kidney damage induced by UUO in these immune deficient mice \[[@CR45]\]. The findings from the present study together with other reports suggest that SphK1/S1P acts on kidney cells to produce renal injuries in chronic kidney diseases bypassing its regulation in immune response.

It should be noted that a recent study, using the same DOCA-salt model, showed that S1P agonist did not worsen the kidney damage \[[@CR46]\]. The explanation for this discrepancy could be the different selectivity in S1P receptors between S1P and the agonist FTY720 used in the above study. The FTY720 does not act on S1PR2 \[[@CR47]\], whereas the S1PR2-mediated signaling has been shown to play a very important role in the kidney damage \[[@CR15], [@CR48]\]. The renal protection by SphK1 KO in the present study is probably through the inhibition of S1PR2-mediated signaling when S1P level is reduced.

Conclusion {#Sec16}
==========

In summary, the present study demonstrate that knockout of SphK1 gene protects kidneys from damage in DOCA-salt hypertensive model without significant effect on the immune cell infiltration into the kidneys neither on blood pressure, indicating that the renal protection by SphK1 deletion is independent of the hypertension and immune regulation. It is suggested that the increased production of S1P is probably a novel mechanism for chronic kidney damage in this hypertensive model and manipulating SphK1/S1P pathway may be used as novel strategies in the development of therapeutic approaches for chronic kidney diseases associated with hypertension.
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